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2,4,6-Thrichloro phenolAbstract In the present study, kinetic Monte Carlo simulation has been used to study the mecha-
nism of 2,4,6-thrichloro phenol (TCP) ozonation in the presence of ZnO nanocatalyst. Adsorption
of ozone molecules on ZnO nanocatalyst and TCP degradation in O3–ZnO-catalytic system was sim-
ulated. Then, the mechanism of catalytic ozonation of TCP in the presence of ZnO nanocatalyst was
suggested and rate constants of each step were obtained. The simulated kinetic data were in good
agreement with experimental data. By using the obtained mechanism and kinetic parameters, the
effect of nanocatalyst, ozone and TCP initial concentrations on the rate of ozonation was studied.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Chlorophenols are a group of chemicals in which chlorines
have been added to phenol. The main source of pollution con-
taining chlorophenols is the wastewaters produce from pesti-
cide, paint, pharmaceutical, wood, paper and pulp industries.
The 2,4,6-thrichloro phenol (TCP) is one of the toxic and car-
cinogenic pollutants [1–3]. Because of the resistant organo
chlorine compounds in aqueous systems, it is necessary to con-vert to harmless species. Methods that are frequently employed
for water puriﬁcation include adsorption, biodegradation,
electrocoagulation, nanoﬁltration, chlorination and ozonation.
Ozone is widely used in water treatment technology because of
its powerful oxidation. Ozonation is an attractive and impor-
tant method for degradation of organic pollutants in aqueous
solution. The refractory organic compounds are usually oxi-
dized and only a small mineralization is achieved. The practi-
cal use of ozonation for wastewater treatment is limited by its
high-energy demand. Heterogeneous catalytic ozonation is a
novel type of advanced oxidation that combines ozone with
the adsorptive [4,5].
With the development of nanotechnology, more and more
researchers have focused on the application of nanomaterials
as catalysts. Nano materials have a higher speciﬁc surface area,
which is favorable for catalysis. The ozonation process using a
nanocatalyst is of interest because it can degrade a wide range
of organic pollutants. Most of the nanoparticle catalysts show
good performance on ozonation of organic pollutants [6–8].
Kinetic Monte Carlo simulation of 2,4,6-thrichloro phenol ozonation 475Zinc oxide (ZnO) is a well-known catalytic material in a
large number of industrial processes. It is used as a heteroge-
neous catalyst and has a high catalytic activity, non-toxic,
insoluble in water and it is a cheap catalyst. In particular, nano
ZnO is one of the most promising catalysts because of its
chemical stability, photosensitivity, fast electron transport
capability, and good absorption [9]. Huang et al. [10] showed
the presence of nano-ZnO could accelerate the rate of TCP
degradation. The enhancement of reaction rates in the pres-
ence of this catalyst was more pronounced in a nano-ZnO par-
ticle size. On the other hand, substrate dechlorination has also
been examined by detected chloride concentration in solution,
and the loss of bonding chlorine seems to be one of the ﬁrst
steps of TCP degradation. They believed that ZnO-catalytic
ozonation of TCP follows a radical-type mechanism.
Although most of kinetic studies are experimental, the the-
oretical simulation has come to play an important role in ana-
lyzing experimental data and providing mechanistic
information that is inaccessible experimentally. Monte Carlo
simulation is a powerful tool to study the mechanism of the
chemical reactions. Kinetic Monte Carlo simulation is one of
the applicable calculation methods, which is used to determine
mechanism and kinetic parameters of chemical reactions
[11,12]. Recently, we have utilized this method to study the rate
of intracellular levels determination of reactive oxygen species
by using the 2,7-dichloroﬂuorescein diacetate assay [13].
The purpose of this study is to investigate the rate of 2,4,6-
thrichloro phenol ozonation (TCP) in the presence of nano
ZnO-catalytic at aqueous solution by using kinetic Monte Car-
lo simulation. The mechanism of catalytic ozonation of TCP in
the presence of ZnO nanocatalyst will be suggested by simula-
tion and the rate constants of each step will be obtained. By
using the obtained mechanism and kinetic parameters, the sim-
ulation will be done for different initial concentrations of nan-
ocatalyst, ozone and TCP to obtain the effect of their
concentrations on the rate of this reaction.
2. Methods
In 1976, Gillespie developed the stochastic simulation algo-
rithm via Monte Carlo methods, in a way that correctly sam-
ples the dynamic probability distribution of possible reactions
[11]. Stochastic simulations of reaction processes are a power-
ful and accurate tools for development of quantitative, micro-
scopic models from experimental data, particularly when the
kinetics are quite complex. For simulation of the experimental
data, we have used the kinetic Monte Carlo (kMC) method.
Kinetic Monte Carlo simulation was carried out with the help
of the Chemical Kinetic Simulator (CKS) software, version
1.01 (from IBM, Almaden Research Center, http://www. alma-
den.ibm.com/st/msim/) [14].
A collection of molecules of different chemical species is
considered. The initial concentration of molecules of each spe-
cies i is ci. The species interact via a set of M chemical reac-
tions. The nth reaction can be written in familiar form as
follows:
Xrn
i¼1
ani R
n
i!
kn
Xpn
i¼1
bni P
n
i ð1Þ
where kn is a reaction rate constant, R
n
i is a reactant molecule
of a particular chemical species, and similarly for product mol-ecules Pni . The number of reactants is rn and the number of
products is pn. a
n
i and b
n
i are stoichiometric coefﬁcients.
In the stochastic simulation algorithm, the system evolves
one reaction at a time, changing the counts of reactant and
product molecules, and thus the associated species concentra-
tions. Which reaction occurs next and the time at which it
occurs are chosen using random numbers and probabilistic
rules that ensure accurate sampling. In this algorithm, a pro-
pensity (ai) is computed for each reaction, which is propor-
tional to its probability of occurrence relative to other
reactions. The propensity for a ﬁrst-order is ai = kiCi and
for a second-order reaction is ai = kiCiCj. Each of the path-
ways has its own propensity ai, and the total propensity must
be the sum of them:
a ¼
XM
i
ai ð2Þ
Two random numbers are used per iteration, each sampled
from a uniform distribution bounded by 0 and 1. The ﬁrst
(r) is used to compute the time of each step (s):
s ¼ 1
a
ln
1
r
 
ð3Þ
The second (r) is used to pick a reaction by taking n:
Xn1
i¼1
ai < ra 
Xn
i¼1
ai ð4Þ
This procedure represents a single time step in a kinetic Monte
Carlo model. At the conclusion of the time step, once the event
list has been updated accordingly, the procedure is repeated to
realize the next step. As the system is propagated, we incre-
ment the simulation clock, which approximates the real phys-
ical time elapsed. This stochastic simulation method has been
used to simulate several chemical reactions [15–17].
3. Results and discussion
In this section, an experimental research of 2,4,6-trichlorophe-
nol (TCP) ozonation in the presence of ZnO nanocatalyst has
been chosen [10]. Huang and his coworkers [10] have studied a
nano-ZnO catalyst to enhance the ozonation of 2,4,6-trichlo-
rophenol in water. The particle size range, the BET surface
area and the average particle size for nano-ZnO were 20–
45 nm, 51.2 m2/g and 31 nm, respectively. It was obtained that
increasing the nano-ZnO concentration leads to increase the
rate of ozone decomposition [10]. Now, we offer a mechanism
for this reaction by using experimental data and kinetic Monte
Carlo simulation.
At ﬁrst, ozone decomposition in the presence of ZnO nan-
ocatalyst was studied by kinetic Monte Carlo simulation. For
kinetics modeling of this reaction, we used the CKS package.
Input data for the simulations are temperature (298 K), con-
centration of ZnO nanocatalyst (ZnO dose = 5 mg/L), initial
concentration of ozone ([O3]0 = 55.2 lM) [10], the steps of
mechanism and rate constants of various steps. To get a better
understanding of the mechanism of decomposition ozone in
the presence of ZnO, we examine several mechanisms, which
are reported in the articles [18–22]. Experimental results have
indicated that ZnO promotes the OH radicals formation [10].
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Figure 1 Simulated (solid line) and experimental (symbol)
results of ozone decomposition in the presence of different
concentrations of nano ZnO, pH = 7.5, [O3]0 = 55.2 lM, ¤:
ZnO dose = 5 mg/L, n: ZnO dose = 10 mg/L.
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using the following mechanism:
O3ðaqÞ þ ZnO$ O3ðadÞ ð5Þ
O3ðadÞ $ OðadÞ þO2ðaqÞ ð6Þ
OðadÞ þH2OðlÞ ! H2O2ðadÞ ð7Þ
H2O2ðadÞ ! 2OHðaqÞ þ ZnO ð8Þ
In this mechanism, ozone is adsorbed on catalyst and rate con-
stants of forward and reverse reactions are k1 and k1, respec-
tively. The adsorbed ozone decomposes on the catalyst surface
by a reversible reaction and rate constants of this step are k2
and k2. In the next step, O

ðadÞ combines with H2O and pro-
duces hydrogen peroxide (by rate constant k3). As predicted
by experimental data [10], hydrogen peroxide dissociates to
OH radicals with rate constant k4.
The rate constant of each step was obtained by ﬁtting of
experimental data of ozone decomposition [10]. The rate con-
stants of reactions were obtained by simulation and are shown
in Table 1. As seen in Table 1, the rate-determining step (r.d.s.)
is Eq. (7) (k3 = 0.075 M
1 min1). Huang and his coworkers
[10] have obtained the similar rate constant for ozone decom-
position on ZnO nanocatalyst. The initial rate constant of Eq.
(8) (k4) was chosen from experimental data of catalytic decom-
position of hydrogen peroxide on iron oxide [23].
To examine the obtained mechanism and rate constants,
the system was simulated in the presence of different concen-
trations of ZnO nanocatalyst (10 mg/L). The same rate con-
stants were obtained for steps of this mechanism in the
presence of different concentrations of ZnO nanocatalyst.
Fig. 1 shows the results of ozone decomposition in the presence
of different concentrations of ZnO nanocatalyst. In this ﬁgure,
the experimental and simulated values of ozone concentration
as a function of time are represented. As seen in this ﬁgure,
there is good conformity between experimental [10] and simu-
lated data. This agreement indicates that the suggested mech-
anism can be suitable to study ozone decomposition in the
presence of ZnO nanocatalyst.
The less value of rate constants in the mechanism belongs
to the reaction 3. The rate of ozone decomposition can be
obtained by the following equation:Table 1 Obtained mechanisms for decomposition of ozone (reaction
nanocatalyst.
Reactions
1 O3(aq) + ZnOM O3(ad)
2 O3(ad)M OðadÞ +O2(aq)
3 OðadÞ +H2O(l)ﬁ H2O2(ad)
4 H2O2(ad)ﬁ 2HOðadÞ +ZnO
5 TCP(aq) + ZnOM TCP(ad)
6 TCP(ad) + HO

ðadÞ ﬁ P1(aq) + H2O(l) +
7 P1(aq) + H2O(l)ﬁ P2(aq) + HCl(aq)
8 P2(aq) + O

ðadÞ ﬁ CO2(aq) + H2O(l)R ¼ k3 OðadÞ
h i
H2O½  ð9Þ
The concentration of OðadÞ can be obtained by steady state
approximation as:
d OðadÞ
h i
dt
¼ k2 O3ðadÞ
 k2 Oadð Þ
h i
O2 aqð Þ
 k3 Oadð Þ
h i
H2O½  ¼ 0
ð10Þ
The steady state approximation for O3(ad) is:
d O3ðadÞ
 
dt
¼ k1 O3ðaqÞ
 
ZnO½   k1 O3ðadÞ
  k2 O3ðadÞ 
þ k2 OðadÞ
h i
O2ðaqÞ
  ¼ 0 ð11Þ
By using of Eqs. (10) and (11), the value of ½OðadÞ is obtained
as:
OðadÞ
h i
¼ k1k2 O3ðaqÞ
 
ZnO½ 
k1k2 O2 aqð Þ
 þ k1 þ k2ð Þk3 H2O½  ð12Þ
By the substitution of Eq. (12) in Eq. (9), one arrives at:
R ¼ k3k1k2 O3ðaqÞ
 
ZnO½ 
k1k2
O2 aqð Þ½ 
H2O½  þ k1 þ k2ð Þk3
ð13Þs 1–4) and TCP ozonation (reactions 1–8) in the presence of ZnO
Rate constants
k1 = 9.30 · 103 (M1.min1)
k-1 = 7.40 · 102 (min1)
k2 = 3.15 · 103 (min1)
k2 = 1.44 · 104 (M1 min1)
k3 = 0.75 · 101 (M1 min1)
k4 = 4.20 · 108 (min1)
k5 = 9.00 · 103 (M1 min1)
k5 = 0.08 (min
1)
HCl(aq) k6 = 1.00 · 103 (M1 min1)
k7 = 40.00 (M
1 min1)
k8 = 1.00 · 104 (M1 min1)
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direct relation with the concentrations of ozone and ZnO nan-
ocatalyst. It seems that increasing the value of oxygen in the
solution decreases the rate of this reaction.
In the next step, the mechanism of 2,4,6-trichlorophenol
(TCP) ozonation in the presence of ZnO was studied by kinetic
Monte Carlo simulation. Input data for the simulations are
temperature (298 K), initial concentration of 2,4,6-trichloro-
phenol ([TCP]0 = 2.53 lM), initial concentration of ozone
([O3]0 = 55.2 lM), concentration of ZnO nanocatalyst (ZnO
dose = 5 mg/L) [10], the steps of mechanism and rate con-
stants of various steps. There are several mechanisms for the
ozonation of TCP in the presence of nano-ZnO catalyst, which
has been reported in articles [24–31]. We have examined the
mechanisms by using chemical kinetic simulation and the best
ﬁt with experimental data was found. The obtained mechanism
for ozone decomposition on ZnO nanocatalyst has been used
in this mechanism. The obtained mechanism, which has been
obtained by kinetic Monte Carlo simulation, is shown in
Fig. 2. The rate constant of each step of the proposed mecha-
nism was obtained by simulation as adjustable parameter. The
values of the rate constants are listed in Table 1. As seen in
Table 1, the rate-determining step (r.d.s.) is reaction 7 (k7 -
= 40 M1 min1). Huang and his coworkers for ozone decom-
position on ZnO nanocatalyst [10] obtained the similar rate
constant of this reaction.
To examine the obtainedmechanism and rate constants, sys-
tem was simulated in the presence of different concentrations of
ZnO nanocatalyst (10 mg/L). Same rate constants wereFigure 2 General reaction pathway proposed for catalytic ozonatioobtained for each step of this mechanism in the presence of dif-
ferent concentrations of ZnO nanocatalyst. Fig. 3 shows the
results of TCP ozonation in the presence of different concentra-
tions of ZnO nanocatalyst. In this Figure, the experimental and
simulated values of ozone concentration as a function of time
are represented.
As seen in Figs. 1 and 3, the suggested mechanism can be
used to study the kinetic of ozonation of TCP by two different
doses of ZnO nanocatalyst. It can be concluded that the
obtained mechanism is suitable to study the kinetics of ozona-
tion of TCP in the presence of ZnO nanocatalyst.
This mechanism can be used to predict the rate of this reac-
tion at different conditions. The effect of pH on the rate of
TCP ozonation in the presence of ZnO nanocatalyst has been
examined. Different values of pH (4.5, 5.5, 6.5 7.5 and 8.5) do
not affect on the rate of reaction. In continues, the mechanism
and kinetic parameters have been used to obtain the effect of
initial concentrations of TCP, ozone and ZnO nanocatalyst
on the rate of TCP decomposition.
3.1. Effect of initial concentration of TCP
The effect of initial concentration of TCP on the rate of TCP
decomposition in the presence of nanocatalyst ZnO has been
investigated. Different initial concentrations of TCP used for
simulations are 1.25, 2.5 and 5 lM. The system has been sim-
ulated at pH = 7.5 and in the presence of 5 mg/L ZnO nano-
catalyst. The results are presented in Fig. 4. As seen in Fig. 4,
by increasing the value of initial concentration of TCP, the raten of 2,4,6-thrichloro phenol (TCP) in the presence of nano ZnO.
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Figure 3 Comparison between the simulated and experimental
results of TCP ozonation in the presence of nanocatalyst ZnO.
pH = 7.5, [O3]0 = 55.2 lM, [TCP]0 = 2.53 lM, ¤: ZnO dose =
5 mg/L, n: ZnO dose = 10 mg/L.
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Figure 4 Effect of TCP concentration on the ozonation of TCP
in the presence of nanocatalyst ZnO (5 mg/L). pH = 7.5,
[O3]0 = 55.2 lM, : [TCP]0 = 5 lM, : [TCP]0 = 2.5 lM,
: [TCP]0 = 1.25 lM.
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Figure 5 Effect of ozone concentration on the rate of TCP
ozonation in the presence of nanocatalyst ZnO (5 mg/L),
pH = 7.5, [TCP] = 2.5 lM, : [O3]0 = 27.6 lM, :
[O3]0 = 55.2 lM and : [O3]0 = 110.4 lM.
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Figure 6 Effect of nano ZnO concentration on the rate of TCP
ozonation, pH= 7.5, [O3]0 = 55.2 lM, [TCP] = 2.5 lM, :
[ZnO]0 = 10 mg/L, : [ZnO]0 = 5 mg/L and : [ZnO]0 =
2.5 mg/L.
478 H. Bashiri, M. Raﬁeeof TCP ozonation increases. After 30 min from the start of
reaction, almost all of TCP is oxidized by ozone and the initial
concentration of TCP does not affect on results.3.2. Effect of initial concentration of ozone
The effect of initial concentration of ozone on the rate of TCP
decomposition in the presence of nanocatalyst ZnO has been
investigated. Different initial concentrations of ozone used
for simulations are 27.6, 55.2 and 110.4 lM. The system has
been simulated at pH = 7.5, [TCP]0 = 2.53 lM and in the
presence of 5 mg/L ZnO nanocatalyst. The results are pre-
sented in Fig. 5. Based on Eq. (13), it was expected that con-
centration of ozone affects the rate of reaction but the
production of oxygen molecules in water by ozone decomposi-
tion decreases the rate of reaction. It is seen in Fig. 5 that
increasing initial concentration of ozone has a little effect on
the rate of TCP ozonation in the presence of ZnO
nanocatalyst.
3.3. Effect of dosage of ZnO nanocatalyst
To study the effect of nano ZnO dosage on TCP decomposi-
tion, three different dosages of ZnO nanocatalyst have been
chosen. Fig. 6 presents the effect of ZnO nanocatalyst on
TCP ozonation. Different initial concentrations of ozone used
for simulations are 2.5, 5 and 10 mg/L. The system has been
simulated at [TCP]0 = 2.5 lM and [O3]0 = 55.2 lM. The
results are presented in Fig. 6. As seen in Fig. 6, by increasing
the dosage of nanocatalyst, the rate of TCP ozonation in the
presence of ZnO nanocatalyst increases. Eq. (13) shows that
the rate of ozone decomposition has direct relation with
ZnO dosage. It is shown that the production of hydroxyl rad-
icals was accelerated on the ZnO surface during catalytic
ozonation.
4. Conclusion
In this study, ozonation of 2,4,6-thrichloro phenol (TCP) in
the presence of nanocatalyst ZnO has been simulated. By the
kinetic Monte Carlo method, a mechanism has been provided
for this reaction and rate constants of each step were obtained.
By using the obtained mechanism and kinetic parameters, the
system was simulated at different initial concentrations of nan-
ocatalyst, ozone and TCP and pH to obtain their effect on the
rate of reaction.
Kinetic Monte Carlo simulation of 2,4,6-thrichloro phenol ozonation 479The pH of the solute does not affect the rate of reaction.
The rate of TCP decomposition in the presence of ZnO nano-
catalyst will increase by increasing the initial concentration of
TCP. By increasing initial concentration of ozone, the rate of
TCP ozonation in the presence of ZnO nanocatalyst has a
low increase. By increasing ZnO concentration from 2.5 to
10 mg/L the rate of TCP decomposition will increase.
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